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FSH and luteinizing hormone (LH) are secreted constitutively or in pulses, respectively, from pituitary gonadotropes in many vertebrates, and regulate ovarian function. The molecular basis for this evolutionarily conserved gonadotropin-specific secretion pattern is not understood. Here, we show that the carboxyterminal heptapeptide in LH is a gonadotropin-sorting determinant in vivo that directs pulsatile secretion. FSH containing this heptapeptide enters the regulated pathway in gonadotropes of transgenic mice, and is released in response to gonadotropin-releasing hormone, similar to LH. FSH released from the LH secretory pathway rescued ovarian defects in Fshb-null mice as efficiently as constitutively secreted FSH. Interestingly, the rerouted FSH enhanced ovarian follicle survival, caused a dramatic increase in number of ovulations, and prolonged female reproductive lifespan. Furthermore, the rerouted FSH vastly improved the in vivo fertilization competency of eggs, their subsequent development in vitro and when transplanted, the ability to produce offspring. Our study demonstrates the feasibility to fine-tune the target tissue responses by modifying the intracellular trafficking and secretory fate of a pituitary trophic hormone. The approach to interconvert the secretory fate of proteins in vivo has pathophysiological significance, and could explain the etiology of several hormone hyperstimulation and resistance syndromes.
protein sorting | regulated secretion | dense core granules | folliculogenesis D uring vertebrate evolution, the female reproductive pattern underwent a remarkable transition from spawning of large number of eggs in primitive species under favorable conditions to more tightly controlled ovarian cycles in higher vertebrates, such that only a limited number (rodents) or a single (human and nonhuman primates) egg is released per cycle (1, 2) . Coincident with this event, the single pituitary gonadotropic hormone that exists in primitive vertebrates has given rise to two gonadotropins, FSH and luteinizing hormone (LH), which coordinate gametogenesis and steroidogenesis (3) (4) (5) (6) (7) . FSH and LH are heterodimeric glycoproteins that contain a common α-subunit and a hormonespecific β-subunit (3) . Although synthesized in the same cell, the gonadotrope, FSH is mostly constitutively released in many species, whereas LH is stored in dense core granules (DCGs) and secreted in pulses via the regulated pathway in response to gonadotropinreleasing hormone (GnRH) (8, 9) . Although this pattern is evolutionarily conserved, how distinct modes of gonadotropin secretion affect ovarian development and target cell responses remain unclear. Although models in which variations in secretion of gonadotropins have been achieved in vivo (10) and in vitro, including basolateral and apically polarized secretion (11) , the in vivo consequences of altered mode of gonadotropin trafficking and release (constitutive vs. regulated) from pituitary are untested. We sought to identify why the two gonadotropins, LH and FSH, expressed in the same pituitary cell have evolved to exit via different routes to regulate ovarian physiology.
Results
Strategy to Redirect FSH from the Constitutive to Regulated Pathway. Our in vitro screens indicated that a carboxyterminal (C′)-heptapeptide in the human LHβ (LSGLLFL) (12) or a modified FSHβ containing this peptide (13) favors secretion of corresponding dimers via the regulated pathway in heterologous somatotrope cells. Based on these initial data, we engineered human transgenes encoding WT or mutant FSHβ containing the C′-heptapeptide ( Fig.  1A) , generated multiple lines of transgenic mice, and introduced transgenes representing three independent lines in each case separately onto Fshb-null background (14) . This genetic rescue strategy facilitated monitoring of the intracellular behavior of only the human transgene-encoded WT or mutant FSH in the absence of endogenous mouse FSH ( Fig. 1 B-H) . We found the transgenes are appropriately targeted to gonadotropes and expressed in a sexually dimorphic pattern ( Fig. 1 D and E) similar to FSH in pituitaries of control mice ( Fig. 1 C and F) . Western blot analysis under nonreducing conditions further confirmed that the interspecies FSH heterodimers (mouse α plus human FSHβ WT or mutant) are assembled and readily detected in pituitaries of transgene-expressing mice ( Fig. 1 G and H) . Based on similar levels of RNA and protein expression as those in control mice, we performed most of the analyses on two lines each, line 17 and line 31 expressing human FSHB WT and line 100 and line 300 expressing FSHB Mut transgenes, on Fshb-null genetic background.
Significance
Although the two pituitary gonadotropins luteinizing hormone (LH) and FSH are synthesized in the same cell, gonadotrope, their intracellular trafficking and secretion pattern are distinct. LH is released as pulses via the regulated pathway, whereas FSH is constitutively secreted. Why this hormone-specific pattern has evolved and whether the target organ, the ovary, senses specific hormone release pattern is not understood. In this paper, a gonadotrope-specific sorting determinant on LH has been identified, and FSH was diverted into the LH secretory pathway in vivo. FSH released like LH from pituitary dramatically enhanced the ovarian responses. Our studies provide a molecular basis for the evolution of distinct patterns of gonadotropin secretion and explain the origin of estrus cycles in mammals. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: tkumar@kumc.edu.
Secreted proteins that enter regulated pathway exit the trans-Golgi network into DCGs (15) . First, we assessed the colocalization of FSHβ with chromogranin-A (Chr-A) ( Fig. 2 A-D), a known chaperone protein in gonadotropes (16) . Four to six times more gonadotropes (P < 0.01; n = 250 cells) showed colocalization of Chr-A with FSHβ in pituitary sections from HSFHB Mut compared with that observed in control and HSFHB WT mice ( Fig. 2 A  and B ). This number was similar to that obtained with LHβ and Chr-A double labeling ( Fig. 2 C and D) .
Finally, we tested colocalization of FSHβ ( Fig. 2 E and F) or LHβ ( Fig. 2 G and H) with Rab27, a resident DCG-specific protein in gonadotropes (17) . FSHβ and Rab27 were colocalized as discrete punctae in six to eight fold more gonadotropes of HSFHB Mut mice compared with control or HSFHB WT mouse pituitary sections (P < 0.01; n = 250 cells; Fig. 2 E and F). This pattern of Rab27 colocalization was similar to LHβ in gonadotropes of control mice ( Fig. 2 G and H) and identical in all three independent lines of HSFHB Mut mice. Collectively, these data indicate that mutant FSH is packaged into Rab27-positive DCGs and rerouted like LH to the regulated secretory pathway in gonadotropes.
Response of LH and FSH to acute GnRH is distinct; LH is released as a bolus, whereas FSH shows no response and exits constitutively from gonadotropes (8, 13) . If the mutant FSH enters the regulated pathway, it should be released as a bolus in response to GnRH. We injected adult mice with buserelin, a stable GnRH agonist, and assayed serum FSH levels after 2 h by using an RIA that detects FSH in controls and the interspecies hybrid FSH heterodimer produced in HFSHB transgene expressing Fshb-null mice (18) . FSH levels were elevated 2.5-4 times more in response to buserelin vs. baseline PBS Although basal FSH levels were higher in males than females (P < 0.01; n = 10), the ratio of FSH release in response to buserelin vs. PBS solution was significantly higher in females (P < 0.01; n = 10). In contrast, buserelin treatment did not cause any significant FSH release in control and Fshb −/− HSFHB WT male and female mice (P > 0.05; n = 10). Immunogold EM analysis with FSH-specific 4B monoclonal antibody further confirmed that the mutant FSH is stored in DCGs and is released upon acute GnRH treatment (SI Appendix, Fig. S1 A and B, arrows). Thus, mutant FSH enters the regulated pathway of sorting, is stored in DCGs in gonadotropes, and is released in response to acute GnRH treatment. This response mimics a characteristic pattern of LH storage and release seen in control mice.
Rerouting FSH into the Regulated Pathway Alters LH Packaging and
Storage. If the rerouted FSH exits via regulated pathway, it may affect LH intracellular trafficking and homeostasis. To address this, we measured LH levels in the same serum samples analyzed for FSH. Significantly lower levels of LH were present in serum of mice expressing the mutant FSH, and less LH was released in response to acute GnRH treatment ( (19) , and thus explain the normal fertility of rerouted FSHexpressing mice (as detailed later). Moreover, the temporal secretion pattern of LH is not altered in mice expressing mutant FSH because all aspects of the estrus cycle stage-dependent LH regulation, mRNA (SI Appendix, Fig. S2G ), protein (SI Appendix, Fig. S2H ), and secretion (SI Appendix, Fig. S2I ) are similar to those in mice expressing WT FSH. However, it is possible that rerouted FSH and LH compete for DCGs, and this could result in reduction in LH levels observed in mutant FSH-expressing mice. To test this, we reduced mutant FSH expression by deleting one allele of activin receptor-2, a key signaling pathway in gonadotropes required for FSH expression (20) (SI Appendix, Fig. S3 C and E; serum FSH levels are two to four times less when expressed on an Acvr2 +/− genetic background vs. on an Acvr2 +/+ background), and this reduction in mutant FSH restored LH levels to control values (SI Appendix, Fig. S3 B, D, and F; serum LH levels are four times greater when expressed on an Acvr2 +/− genetic background vs. on an Acvr2 +/+ background). These data provide direct genetic evidence that the intracellular trafficking of mutant FSH is identical to that of LH in the regulated pathway. The rerouted FSH alters the LH secretion dynamics, likely by competing for a limited number of secretory granules in gonadotropes.
Rerouted FSH Rescues Fshb-Null Mice. Loss of FSH results in female infertility as a consequence of folliculogenesis arrest at the preantral stage (18) . We next examined if rerouted FSH released from the LH pathway can rescue female Fshb-null mice. At 9 wk of age, Fshb −/− females displayed hypoplastic ovaries and uteri ( Fig. 4A) indicative of anovulatory and noncyclic phenotype compared with age-matched controls (18) . In contrast, ovarian and uterine morphology was indistinguishable in controls, or Fshb −/− mice that express WT or mutant FSH (Fig. 4A) . The presence of antral follicles and abundant corpora lutea (CL) in ovarian sections indicated normal estrus cycles were present in control and Fshb −/− mice expressing WT or mutant FSH (Fig. 4B ). FSH regulates aromatase (Cyp19a1) that is required for estrogen production in granulosa cells (21) . TaqMan quantitative PCR (qPCR) assays confirmed that Cyp19a1 levels were suppressed in Fshb-null mice (P < 0.01; n = 3 mice) and restored to levels similar to those in control and Fshb −/− mice expressing WT or mutant FSH at 9 wk of age ( Fig. 4C ). Although serum estradiol levels were similar to control groups, progesterone levels were high in Fshb −/− mice that express mutant FSH (SI Appendix, Fig. S4 ) and breeding characteristics were similar between control, Fshb −/− HSFHB WT , and Fshb −/− HSFHB Mut females (SI Appendix, Tables S1 and S2). Thus, rerouted FSH dimer functionally rescues Fshb-null females as efficiently as the constitutively secreted WT FSH. Mutant FSH also functionally rescued Fshb-null males similar to WT FSH (SI Appendix, Fig. S5 and Tables S1 and S2). and LH (C and D). Note that mutant but not WT FSH is released in response to buserelin. Mice expressing mutant FSH have reduced basal LH levels and show a blunted response to acute GnRH analog treatment (C and D). Three independent lines expressing WT or mutant HFSHB transgenes on an Fshbnull background are used. Data are means ± SEM; n = 7-10 mice (*P < 0.01, GnRH response vs. PBS solution). 
Rerouted FSH Enhances Ovulation Efficiency and Prolongs Female
Reproductive Lifespan. Because the mouse uterus can have only limited implantations, and counting the pups will not give an accurate estimate of ovulations (22), we set up natural matings with proven fertile males and counted the number of fertilized eggs retrieved from oviducts. We found that the number of ovulations is dramatically increased (by six times) in Fshb-null mice expressing mutant FSH compared with WT FSH or normal control mice ( Fig. 5 A and B) . These fertilized one-cell embryos, when cultured in vitro, fully expanded into blastocysts as efficiently as controls ( Fig. 5 C and D) . To test the in vivo developmental competency of eggs, in a separate set of experiments, we first derived two-cell embryos from fertilized eggs collected from oviducts of mutant FSH-expressing mice. We then transplanted these embryos into oviducts of pseudopregnant female mice and obtained viable pups carrying mutant FSH transgene at an efficiency better than that achieved in typical superovulation and transgenic mouse production protocols (SI Appendix, Table S3 ). Thus, pulsatile FSH released like LH dramatically enhances the number of ovulations. We tested three possibilities to explain the superior ovulation performance in mice expressing FSH from the LH pathway. First, ovarian follicle counts revealed that the number of primordial follicles (PMF) and the total number of follicles are nearly identical across all genotypes, ruling out the possibility that increased PMF or total follicle number is the reason for enhanced ovulation performance ( Fig. 5 E and F) .
We found that more preantral follicles are present in ovaries of mutant FSH-expressing mice (Fig. 5 G-I ). Second, we tested the ovulation performance in aged mice at 6 mo and up to 1 y. We found that mutant FSH-expressing mice continue to produce more eggs than the age-matched controls, as evident by the increased number of CLs in ovarian histological sections (SI Appendix, Fig.  S5 ). These data suggest ovarian folliculogenesis is not rapidly accelerated in mutant FSH-expressing mice, because it would have led to premature ovarian failure. Consistent with this, we found expression levels of phospho-PTEN, FoxO1, and FoxO3a, the key factors normally regulated during the initial phases of follicle development (23, 24) , are not significantly different than those in controls (SI Appendix, Figs. S6 and S7 ). Third, in vivo BrdU labeling experiments confirmed an increase in follicle size and proliferation of granulosa cells (SI Appendix, Fig. S8 A-C) in ovaries of mice expressing rerouted FSH. Most importantly, the percentage of atretic follicles assessed by expression of the proapoptotic factor, cleaved caspase 3 is significantly reduced (P < 0.05) in ovaries of rerouted FSH-expressing mice at 21d of age, at which time point atresia is normally more pronounced in control mice (SI Appendix, Fig. S8 D and E) . Furthermore, qPCR assays indicated that rerouting FSH into the LH pathway itself did not significantly affect expression of the known pituitary markers (SI Appendix, Fig. S9 ) that could also influence ovarian phenotypes. Together, these data confirm that diverting FSH into the LH secretion pathway results in enhanced follicle survival by blocking atresia and prolongs female reproductive lifespan.
Rerouted FSH Alters the Ovarian Gene Responses. We next tested if ovarian granulosa cells interpret and decode the rerouted FSH signaling inputs any differently than those elicited by constitutively secreted FSH. We found marked differences in gene expression patterns of major groups of ovarian genes (SI Appendix, Fig. S10A ). The first group includes granulosa cell prosurvival genes (Igf1 and Bcl2) that are preferentially up-regulated by rerouted FSH. This pattern of FSH release also significantly upregulated the second group, consisting of the previously known FSH-responsive genes Esr1, Kcnj8, S100a6, S100g, and Tagln (21, 25) . Surprisingly, the third group consisted of typical (pulsatile) LH-responsive genes including Cap1, Fas, Ptgs2, Star, and Tsg6 (26). It is likely that this third set of genes "senses" the pulsatile nature of the gonadotropin signal input, irrespective of whether the signal is FSH or LH. We further confirmed that this set of gene responses is not a result of rerouted FSH cross-talking via activation of LH receptors, because total phospho-CREB and phospho-PKA substrate levels in ovaries are not elevated and similar to those seen in mice expressing FSH constitutively (SI Appendix, Fig. S10 B . (E) PMF counts obtained from mice at 3 d of age are not different across genotypes, indicating pulsatile FSH does not increase the PMF pool. (F) Follicle counts in ovaries of mice at 3 wk of age show that the number of PMF, primary (PF) and secondary (SF) follicles are nearly identical. Preantral follicles (i.e., PAFs) begin to appear in WT and mutant FSH-expressing mice. (G-I) Ratio of PAF to total (G), PF (H), or SF (I) is significantly higher in serial sections of the entire ovary from mutant FSHexpressing mice compared with those in WT FSH-expressing mice. Follicle counts were estimated as described previously (44) . and C). Additionally, mutant FSH did not rescue Lhb-null mice (SI Appendix, Fig. S10D ), and these data genetically confirm that it does not bind and activate LH receptors on ovarian cells. The final group consists of genes (Apaf1, Fasl, Inhbb, Ereg, Casp3, Lhr, Dok1, Cebpb) that did not show any preferential response to constitutively secreted or rerouted FSH. Thus, rerouted FSH up-regulates prosurvival factors and evokes some LH-like responses in granulosa cells, causes a reduction in follicular atresia, and enhances ovulations (Fig. 6 ).
Discussion
Protein secretion occurs by two distinct modalities. In the first mode, proteins are secreted basolaterally or apically from polarized epithelial cells and genetic modification of this pathway has been studied in fly models in vivo (27) . The second secretion route involves intracellular vesicular trafficking of proteins via the constitutive and regulated pathways (28, 29) . The consequences of modifying these secretion pathways have not been tested in vivo. In the pituitary, GnRH pulse characteristics are critical for differential regulation of LH and FSH (30) (31) (32) (33) . Emerging evidence suggests GnRH pulses are interpreted at the level of gonadotropin β-subunit promoters, downstream signaling cascades involving MAPKs and ultimately reflected in corresponding subunit biosynthesis (31, 33) . Here, we have not changed the GnRH pulsatile pattern or transcriptional effects of pulsatile GnRH on promoters driving WT and Mut HFSHB transgenes. Instead, we genetically altered the intracellular trafficking of FSH by fusing the FSHβ subunit with a carboxyl-terminal heptapeptide that is normally present in the LHβ subunit. This genetic strategy allowed us to divert FSH from a constitutive to the regulated pathway by which LH normally exits gonadotropes.
The reproductive strategy in primitive vertebrates involves presence of a single gonadotropin and production of a large number of eggs at one time. Although this mode of reproduction is highly efficient, it is limited by the availability of appropriate environmental conditions, large metabolic demands, and a shortened reproductive lifespan. To circumvent these limitations, we suggest that higher vertebrates have evolved a different strategy involving two gonadotropins and a cyclic process termed estrus or menstrual cycle, in which only a limited number of eggs or single egg per cycle is released. This process is more or less precisely timed, metabolically less demanding compared with release of a large number of eggs at one time, and occurs over a longer period. This reproductive strategy perhaps necessitated that one gonadotrophic hormone (i.e., FSH) is released continuously in low levels, acts as a mitogen, and favors follicle recruitment and selection during the initial phase of the cycle. FSH itself primes the receptor for the second hormone (i.e., LH), which is stored and packaged in DCGs, released as a pulse each time, and of which the highest amplitude pulse (i.e., LH surge) causes the release of egg(s). Because continuous exposure to LH during initial phases of ovarian folliculogenesis would cause premature luteinization (34) or ovarian hyperstimulation (35, 36) , both of which are detrimental to egg production, we predict that the carboxyl-terminal heptapeptide of LHβ has evolved to direct LH into DCGs. This intracellular compartmentalization of LH, distinct from FSH, thus ensures LH to be released in response to hypothalamic GnRH only in quanta, and preventing continuous release. Our data are consistent with the hypothesis that continuous (i.e., FSH) and pulsatile (i.e., LH) gonadotropin secretion patterns have evolved to regulate production of only a limited number of eggs per cycle, as genetically diverting FSH into the LH secretion pathway resulted in release of more number of eggs. Our genetic and physiologic studies thus provide a molecular basis for the origin of estrus cycles.
Our studies indicate that the C′-terminal heptapeptide is a key determinant for gonadotropin sorting in vivo. It is not known if the heptapeptide would change FSHβ glycosylation and consequently serum t 1/2 of mutant FSH. In vitro metabolic labeling studies (13) and our Western blot data ( Fig. 1) show that mutant FSH migrates identical to WT FSH. Any gross changes in glycosylation would affect the electrophoretic mobility, a typical glycosylation-dependent characteristic of gonadotropins (3). However, more detailed structure-function studies are required to confirm changes in glycosylation and t 1/2 of the mutant FSH.
Although rerouting FSH into the LH pathway vastly improved the number of eggs released per cycle and extended the female reproductive lifespan in a rodent model (mouse), this perhaps is not the evolutionarily preferred route for FSH secretion in humans and nonhuman primates, in which only one egg per cycle is released. Various other factors, including anatomical organization of the uterus, implantation efficiency, allocation of energy resources, and keeping with metabolic demands, would explain the constraints for multiple ovulations and necessitated that FSH release is more constitutive in these species. However, our genetic manipulation of the pattern of FSH secretion could have clinical implications particularly in artificial reproductive technology protocols wherein the number and quality of eggs retrieved are often the limiting factors in aged women.
Because mutations in constitutive/regulated protein sorting machinery impair protein secretion and are often associated with diseases (37), we propose that defects in gonadotropin routing and secretion pattern could cause some forms of infertility. It will be feasible for us in the future to genetically divert LH from the regulated (pulsatile) into the constitutive secretory pathway, mimicking FSH release, and analyze the consequences on an Lhb-null background (19) . Our studies should also be more broadly applicable for genetically manipulating other pulsatile signaling systems, such as insulin (28, 38) , parathyroid hormone (39), thyroid-stimulating hormone (40) , and neuropeptides (41), to explain the pathophysiological basis of various human diseases associated with these systems.
Materials and Methods
Transgenic Mice. The transgenes encoding WT and mutant human FSHβ were cloned (13, 42) and transgenic mice produced as described previously (43) . Transgenes were introduced onto Fshb-null background in two steps (14) . Lhb and Acvr2 mice were previously generated and characterized (19, 20) . All animal procedures were per National Institutes of Health guidelines and approved by the University of Kansas Medical Center institutional animal use and care committee.
Real-Time qPCR Assays. TaqMan real-time PCR assays were performed on triplicate cDNA samples from three to five independent mice by using preinventoried primer/probe mix combos (Applied Biosystems). 
